The removal of micro-organisms by membrane systems was investigated using single-element membranes and five species of micro-organisms in a plant setting at East St. Louis, MO. Single-element membranes included a cellulose acetate ultrafilter (UF), a polysulfone microfilter (MF), a cellulose acetate (CA) nanofilter (NF), and two composite thin-film (CTF) nanofilters. Micro-organism challenge studies were conducted using raw, alum coagulated-settled, and finished plant water. Model micro-organisms consisted of Clostridium perfringens (strain 26) spores (,1-5 mm) for bacteria simulation, MS-2 (,0.025 mm), and PRD-1 (,0.1 mm) phage for virus rejection and Cryptosporidium parvum oocysts (,4-6 mm) and Giardia lamblia cysts (,8-14 mm) for cyst rejection. Sixty-eight observations of micro-organism rejection were gathered over 1 year of operation in eight separate challenge events where micro-organisms were spiked separately and as a mixture. The composite thin-film nanofilters provided significantly better disinfection than the cellulose acetate nanofilter. However, a cellulose acetate ultrafilter rejected more micro-organisms than any membrane tested, indicating disinfection by cellulose acetate membranes is a function of construction and module configuration rather than membrane film, as both the CA and CTF membranes were constructed in a spiral wound configuration. Micro-organism log rejection was independent of organism size except for the MF, which passed viruses, and was independent of membrane material but varied among membranes.
INTRODUCTION I
NADEQUATE AND COMPROMISED DRINKING WATER supplies are a worldwide public heath concern. Over 100 different pathogenic waterborne organisms including protozoa, bacteria, and viruses have been identified in contaminated drinking water. Cryptosporidiumand Giardia are waterborne protozoa that have been found in some municipal water systems supplied by surface water or groundwater under the influence of surface water (Fox and Lytle, 1996) . These parasites, which are not species specific, are excreted in a fully infective form by an infected human or animal. Infection by Cryptosporidium or Giardia is characterized by severe diarrhea and nausea. Immunocompromised individuals are particularly at risk. No therapies for cryptosporidiosis have yet been accepted by the Food and Drug Administration. However, some success has been achieved with therapies for giardiasis. Cryptosporidium is currently recognized as the most significant cause of waterborne disease in the United States, where at least 12 waterborne Cryptosporidium outbreaks have been documented. Cryptosporidiosis outbreaks associated with drinking water also have been documented in the United Kingdom, Japan, and Holland. The largest U.S. outbreak occurred in Milwaukee, WI, in 1993 , where an estimated 450,000 people became ill and 144 died due to contamination of the water supply (Hoxie et al. 1997) . The occurrence of Cryptosporidium in surface waters has been reported in 4 to 100% of the samples examined with levels ranging from 0.1 to 10,000 organisms/100 L, depending on impacts from sewage and animals (Lisle and Rose, 1995) . The average number of samples testing positive for Cryptosporidium in groundwater have ranged from 9.5 to 22% Hancock et al. (1998) .
Groundwater contamination is of particular concern for viruses because of their submicron size and ability to be transported through soil structures and contaminate groundwater. Illnesses most commonly associated with viral contamination include, but are not limited to, hepatitis, Norwalk, rotavirus, and coxsackie viruses. Gerba and Rose (1989) reported viruses can survive several months in groundwater. LeChevallier (1996) , reported viral contamination in approximately 20 to 30% of groundwater systems did not correlate with coliform contamination. Lack of correlation between viruses and bacterial contamination was also shown in a study performed by Glover (1994) , which found no correlation between coliform, heterotrophic plate count, chlorine level, and Mycobacterium avium complex (MAC) measured in drinking water reservoirs. MAC is particularly invasive in immunocompromised conditions, which are common to individuals with AIDS, neoplastic disorders, or postheart transplant (Novick, 1990) . Cholera, Helicobacter pylori and Escherichia coli O157:H7 are additional bacterial agents responsible for waterborne disease, which have had historically devastating effects worldwide. Hence, the removal of known and unknown pathogens is highly desirable in drinking water treatment. Given limited removal capability by conventional treatment processes; resistance to chlorine disinfection; and the importance of potable water to public safety, the economy and morale; more effective barriers to pathogens are needed to protect against both incidental and intentional microbial contaminant threats.
Membranes have been selected for use in part because of their ability to removal many different microorganisms, yet surprisingly little information has been documented to quantitatively state the microorganism removal capacity of membranes (Urbain and Manhem, 1997) . Membrane pilot studies have demonstrated complete or very high micro-organism removal, but few have used micro-organism challenge studies to demonstrate the micro-organism removal capacity of membranes (McNamara and Gavin, 1997; Mourato et al., 1997) . Visual inspection and dye testing, vacuum testing, E. coli tracer studies and particle counting have been compared for assessment of membrane integrity on a field scale. E. coli tracer studies were superior to other techniques for assessing integrity because of their ability to show less than one log rejection in damaged elements and greater than four-log rejection for intact elements. In this same study, greater than 5-to 6-log removal was demonstrated for Cryptosporidium parvum oocysts and Giardia Muris cysts. Greater than 4-log removal was demonstrated for MS2 phage (Seyde et al., 1999) . Hong et al. (1999) demonstrated greater than 6-log rejection for MS2 phage and aerobic spores, but found only 5-log rejection for C. parvum oocysts in MF field studies. The difference in organism rejection was attributed to sample collection volumes and organism feed stream concentrations. Similar results have been found in a laboratory study. Colvin et al. (1999) found greater than 7-log rejection of MS2 phage in flat sheet studies of RO membrane films and lack of correlation of microsphere and organism rejection. In a later publication on the field study, Colvin et al. (2001) found that pressure decay testing, particle, and turbidity monitoring of damaged and undamaged membranes could detect fiber failure of UF or MF membranes and demonstrated repair of damaged membranes returned performance to that at the undamaged state. Kruithof et al. (2001) in a large scale pilot study in The Netherlands found that undamaged UF membranes removed greater than 5.4 log of MS2 phage, and that vacuum testing successfully identified damaged membranes from the manufacturers.
State regulatory issues facing ultrafiltration and microfiltration have been recently documented (Allegier, 2001 lights the need for studies on and regulatory recognition of membrane rejection of micro-organisms. This article presents results from a pilot plant investigation that assessed the effectiveness of membranes for rejection of micro-organisms. Five different microorganisms ranging in size from 0.025 (phage) to 12 mm (Giardia) were used to challenge five different membranes. Turbidity and particle counts were evaluated as surrogate parameters for the assessment of micro-organisms. The University of Central Florida in cooperation with the American Water Works Service Company, Inc. conducted the project at the Illinois-American East St. Louis surface water treatment facility. The water treatment plant intake is located on the Mississippi River several miles downstream of the confluence of the Mississippi and Missouri Rivers. This source has varied water quality throughout the year, but is generally regarded as a high turbidity, moderate organic source water.
THEORY
A representation of flow through a pressure driven membrane module is shown in Fig. 1 . Mass transfer through pressure driven membrane modules can be described by either size exclusion or diffusion controlled mechanism. Models describing solute mass transfer by size exclusion or diffusion are shown in equations (1) (Taylor and Wiesner, 1999) and (2) (Mulford et al., 1999) . Other investigators have proposed similar models (Chellam and Taylor, 2001; Shetty et al., 2002) .
where: C F is the feed solute concentration (M/L 3 ), f is the rejection coefficient; F W is the water flux (L 3 /L 2 t), K s is the solute mass transfer coefficient (L/t), C P is the permeate solute concentration (M/L 3 ), and R is the fraction recovery.
Size-exclusion and diffuson-controlled mass transfer are illustrated in Fig. 2 . Size-exclusion mass transfer is only affected by feed stream concentrations, and is independent of flux, and recovery. Diffusion controlled solute mass transfer is affected by the membrane solute mass transfer coefficient, flux, and recovery. Assessment of solute mass transfer mechanisms by varying flux and recovery is well documented and useful for assessing and modeling potable water treatment applications (Taylor et al., 1989; Taylor and Jacobs, 1996; Chellam and Taylor, 2001) . Solute mass transfer is illustrated in this manner in Fig. 2 . The flat and curved planes show solute passage for size-exclusion and diffusion-controlled processes, respectively, as measured by log organism rejection, the method commonly used for calculating microbial removal. Note, a high log rejection corresponds to a low permeate concentration. Because solute passage for a size exclusion process only varies with feed concentration, which in this case was held constant, log rejection for the size exclusion case does not vary with flux or recovery. The curved plane in Fig. 2 illustrates diffusion controlled mass transfer increases with decreasing flux and increasing recovery. Log rejection is highest at the highest flux and lowest recovery, and lowest for the lowest flux and highest recovery.
METHODOLOGY
The efficiency of membranes for micro-organism removal was evaluated in the field using continuous injection of stock organisms mixtures for 12 to 15 min into the feed stream. Samples were taken from the feed and permeate streams and analyzed for micro-organism concentrations.
Sample collection times
Microbial broths were prepared and injected upstream of five membrane systems. A protocol was developed and implemented to assure steady-state conditions were achieved during each test. Use of a precision chemical metering pump provided a continuous microbial feed for 12 to 15 min. As shown in Fig. 3 , the time required to achieve steady state for each system was determined using a sodium chloride tracer test. Based on the tracer study, micro-organisms were fed to directly to the membranes for 12 to 15 min before collecting replicate feed and permeate samples. Similar testing confirmed these sampling times were also appropriate for the MF and UF systems.
Commercially available membranes
Three different nanofilters-one ultrafilter and one microfilter-were tested. The characteristics of these membranes are shown in Table 1 . Three different NF systems were examined and compared for varying organisms, concentrations, flux, recovery, and temperature. NF membranes included one cellulose acetate (CA) and two composite thin films (CTF). These membranes are identified as NF1, NF2, and NF3, and correspond to manufacturer models LFC1, CALP, and DK-C, respectively. The UF and MF membranes had CA and polypropylene-based films, respectively. The UF and NF2 membranes were removed and replaced on two occasions for autopsy. The same NF1 and NF3 membranes were utilized throughout testing.
Micro-organisms
Bacterial removal was demonstrated using Clostridium perfringens (strain 26) spores (,1-5 mm), while model bacterial viruses MS-2 (~0.025 mm) and PRD-1 (,0.1 mm) phage simulated virus retention. Protozoan removal was demonstrated by challenge with C. parvum oocysts (,4-6 mm) and Giardia lamblia cysts (,8-14 mm) . Seed levels were targeted to allow evaluation of 5-to 6-log assessment of Cryptosporidium and Giardia and 6 to 8-log assessment of MS-2, PRD-1, and Clostridium. Membrane disinfection capability was evaluated using microbial log removal values (LRVs). Analytical sample sizes were 1 mL for MS2 and PRD1, 200 mL for Clostridium, and 100 mL for Cryptosporidium and Giardia. These aliquots were taken from a ,2-liter volume sampled during challenge testing.
Challenge tests were conducted on eight occasions. Challenge tests were typically done with a mixture of microorganism, which did not involve all micro-organisms for every challenge. The challenges were completed in 1 or 2 days, but sometimes required longer times when organisms were individually challenged. Cryptosporidium challenges were done individually. A total of 68-log rejection values (LRV) were determined for the five different organisms from the eight challenge tests and five membrane systems. The membrane pilot systems UF,
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Sample collection
Micro-organisms tested included bacterial viruses MS-2 and PRD-1, C. perfringens (strain 26) spores, Giardia lamblia cysts, and Cryptosporidium muris oocysts. Samples for E. coli, Clostridium, MS-2, and PRD-1 analysis were stored at 4°C and analyzed within 48 h after collection. Giardia and Cryptosporidium samples were preserved using formalin (10% formaldehyde final) and stored at 4°C until analyzed.
Growth and purification of bacteriophages MS-2 and PRD-1 stocks
Male-specific virus MS-2 (ATCC # VR31) and its bacterial host E. coli C3000 (ATCC #15597) were purchased from ATCC (Rockville, MD). Bacteriophage PRD-1 and its host Salmonella typhimurium were generously supplied by Dr. Charles Gerba, University of Arizona (Tucson, AZ). Stocks of each bacterial host were produced by supplementing with glycerol (20% final) 3-to 4-h tryptone broth cultures of each host and freezing 1-mL aliquots at 270°C. Stocks of each phage were produced by adding approximately 1 3 10 5 plaque forming units (pfu)/mL of each phage to a test tube containing 4 mL of molten (46°C) tryptone top agar and 0.1 mL of a 3-h culture of the appropriate host. Tube contents were mixed, poured onto tryptone-bottom agar plates, and incubated at 37°C overnight. Plates with semiconfluent plaques were flooded with 5-mL volumes of saline-calcium solution (8.5 g NaCl and 0.22 g CaCl 2 per 1,000 mL MilliQ water), and incubated at 37°C for 1 h to allow migration of viruses into the buffer. The phage-buffer mixture was harvested by pipette, centrifuged at 4,000 3 g to remove dislodged agar, and filtered through a 0.22 mm sterile filter. The phage was tittered and stored at 4°C until used.
Bacteriophage MS-2 and PRD-1 assay
Serial 10-fold dilutions of each sample were made in a saline-calcium solution and kept on ice. Appropriate dilutions were tested in triplicate by adding 0.1 mL of diluted sample to test tubes containing 3 mL of molten tryptone top agar (46°C) and 0.1 mL of a 3-h culture of E. coli C3000 or S. typhymurium host. Tube contents were mixed, immediately poured onto tryptone-bottom agar plates and incubated overnight at 37°C.
Preparation of bacterial stock suspensions
C. perfringens strain 26 (ATCC #3624) stocks were stored at 4°C as sporulated cultures in buffered water. Briefly, C. perfringens was inoculated into thioglycollate broth (Difco, Detroit, MI) and grown overnight at 37°C. The overnight culture was transferred into fresh thioglycollate broth, grown at 37°C for 4 h and inoculated into freshly steamed media. After 16 h of incubation at 37°C, the cultures were heat treated at 60°C for 10 min to destroy vegetative cells. The suspension was immediately cooled on ice, spores harvested by centrifugation at 4,000 3 g for 30 min (4°C), washed twice with ice-cold buffered water, and suspended in buffered water.
Clostridium perfringens assay
Clostridium numbers after treatment were determined by membrane filtration technique using mCP agar. Immediately before analysis samples were heat-treated at 60°C for 10 min to destroy vegetative cells, cooled on ice, and appropriately diluted in ice-cold buffered water.
Giardia and Cryptosporidium assay
Density gradient purified G. lamblia cysts and C. muris oocysts were purchased from Waterborne, Inc. (New Orleans, LA). Giardia cysts and Cryptosporidium oocysts preserved with formalin were identified and counted by an indirect immunofluorescence antibody (IFA) procedure.
Microscopic examination
Total counts for each organism were made from scanning the entire sample membrane, and counts per mL were calculated from the sample volumes applied to each membrane examined. Two control slides were examined along with every IFA assay of study samples. A negative membrane filter was prepared using PBS as the sample, and was examined for cysts and oocysts. The absence of cyst-like and/or oocyst-like objects was used to 458 LOVINS ET AL. verify that samples were not contaminated during the IFA procedure. A positive membrane filter was prepared using Giardia cysts and Cryptosporidium oocysts in PBS as the sample. The presence of fluorescing cysts and oocysts was used to verify that the IFA procedure was properly performed.
Particle counting
Particle counts were measured using the HIAC/Royco Model 8000A Particle Counter, which utilizes a light scattering technique and is made by Pacific Scientific Instruments Co. (Silver Springs, MD). Particle counts were measured upon collection via grab sampling. Values were reported for bin size .2 mm.
RESULTS AND DISCUSSION

Membrane comparison
The LRV by micro-organism rejection and membrane process are shown in Figs were calculated for complete rejection assuming one organism passed the membrane. The dark rectangles represent detection of organisms in the permeate. Ideally, the LRV is infinite until the rejection capacity of the membrane is exceeded. At that point, the LRV would not vary with increasing challenge concentrations and would become constant. For example, a membrane with 4-log rejection would show no organisms in the permeate until challenged with 4-log or greater micro-organisms. Challenges of 4-, 5-, and 6-log micro-organisms would result in 0-, 1-, and 2-log micro-organism concentration in the permeate. Each LRV would be four. Hence, infinite and finite LRVs can be determined for the same organism and membrane. Finite LRVs can be obtained by increasing feed concentration and/or taking larger permeate samples. Because micro-organism are so ubiquitous, testing can easily be altered by contamination or false positives, more so than particles or trace chemicals. However, these figures show the leveling off of LRV, which demonstrates rejection capacity.
As shown in Fig. 4 , the majority of LRV observations by NF1 are infinite, which is complete removal of organisms. There were 22 total challenges of phage, bacteria, and cysts to NF1. For 16 cases, no micro-organisms were found in the permeate. On six occasions micro-organisms were found in the permeate. Data shown in Fig. 4 suggest micro-organism LRV was independent of organism size and challenge concentration, which indicates a size exclusion mechanism for organism mass transfer. Mathemati-
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cally the expected LRV for any of the micro-organisms shown in Fig. 4 is infinity, as all had one or more observations of infinite rejection. Micro-organisms passed the membrane only during two challenge events, which suggests operation may affect micro-organism rejection during nanofiltration. The smallest organism, MS-2 phage passed NF1 only on two of seven occasions. C. perfringens passed NF1 on three of seven challenges, and is approximately 100 times larger than MS-2 phage. As the typical pore size of NF1 is approximately 100 to 10,000 times smaller than C. perfringens and MS2 phage, other factors such as the dynamic nature of membranes during operation or analytical limits could affect micro-organism rejection by NF1 or membranes in general. However, the data in Fig. 4 indicates NF1, a CTF NF, could reliably achieve 5-log rejection for the organisms tested, which is 2.5 logs greater than the credits given for conventional coagulation, sedimentation, and filtration.
460 LOVINS ET AL. LRV of micro-organisms for NF2, a cellulose acetate NF, is shown in Fig. 5 . Infinite rejection occurred on three occasions for NF2, while micro-organisms were found in the permeate on 19 occasions. Assessing reliable microorganism LR from the data shown in Fig. 5 is difficult. Operation of the CA NF may have affected rejection as pH control for continuous operation was at times difficult. However, the LRV does appear independent of organism size, and has a large range for C. perfringens (3 mm), PRD-1 phage (0.1 mm), and MS-2 phage (0.025 mm). For the conditions of these tests, NF2 microorganism rejection was always greater than 0.8 log, which suggests very little if any micro-organism rejection could be reliably credited to NF2. The NF2 LRV does appear to average two for varying organism size and concentration, which again is indicative of a size exclusion mechanism.
Micro-organism log rejection for NF3, a CTF nanofilter, is shown in Fig. 6 . Fewer challenges were made to NF3 because of budget and schedule. Of the 13 NF3 challenges, six resulted in infinite rejection. Micro-organisms were detected in the remaining seven challenges. The least rejection was 4.5 log for MS-2 (0.025 mm), which passed NF3 on three of four challenges. C. perfringens (3 mm), and PRD-1 phage (0.1 mm) passed NF3 on two of four occasions. However, the data in Fig. 5 shows the upper limit of LRV is approximately 6, and that NF3 achieved 4.5 LRV on all occasions, which again suggests a size exclusion mechanism. Comparing the minimum LRV of NF3 to NF1, NF3 appears to reject about one (0.9) logs less than NF1.
UF organism log rejection is shown in Fig. 7 by log organism diameter. Of eight challenges, micro-organisms were detected in the permeate on two occasions and undetected on six occasions. The UF achieved 7-log for MS-2 phage (0.025 m) and C. perfringens (3 mm). Inspection of the data in Fig. 7 indicates that UF organism rejection for the conditions of the tests was reliably 7 log, and was independent of organism size. Additionally, the UF membrane was made of a CA derivative indicating that CA membranes are able to achieve a high organism LR. The different organism LRV of the two CA membranes (NF2 and UF) are due to manufacturing and not material.
MF organism log rejection is shown in Fig. 8 . The MF that was utilized in this work was a small laboratory unit adapted for field operation. Only one challenge was conducted on the MF. For the limited number of observations, Fig. 8 clearly shows increasing organism log rejection for increasing organism size (log organism diameter). Given the nominally rated 0.1 mm MF pore size, MS-2 phage (0.025 m) and PRD-1 (0.1 m) would be expected to pass and the high 6.2 LRV for C. perfringens (3 mm) is not surprising. The MF results are consistent with results presented by other investigations (e.g., Jacangelo et al., 1995) .
A summary of the LRVs for the entire study is shown in Table 2 . To avoid confusion regarding infinite rejection, the instances where complete are infinite rejection occurred are preceded by `. Such that a 4-log challenge, which resulted in complete rejection is noted as `4.0. This would read infinite or complete rejection for a 4-log challenge, and is done to avoid the appearance of totally infinite rejection. The concentration of micro-organisms varied as did flux and recovery in these studies. As noted, to calculate LRV one organism was assigned to all micro-organism permeate concentrations when complete rejection occurred. Infinite rejection was observed until the rejection capacity of the membranes are exceeded. Once organism passage was observed, the LRV was essentially constant. As shown previously in Fig. 2 , lack of variation for the LRV given varying concentration, flux and recovery indicates a size exclusion mechanism for organism rejection. If the mechanism were diffusion controlled, the organism concentration in the permeate would vary with increasing concentration and changing flux and recovery.
There are reasons for microbial passage of membranes, which include defects and the inherent nature of construction of spiral wound and hollow-fiber membrane elements. A defect is defined as a large hole in the membrane film, glue line, seal, or other parts of the membrane element. The inherent nature of the membrane is defined as the mass transfer characteristics of these same parts, not just the film. Although membrane passage of any organism larger than the nominal pore size of any membrane may be attributed to a defect, it is more probably is due to inherent mass transfer characteristics of the membrane parts. Given adequate challenge concentrations or sample volumes, membranes typically demonstrate very high, but not absolute rejection. Separation of element mass transfer characteristics from defects is difficult, and is of little consequence to users as membrane performance is viewed as a whole. However, it is not justified to assume passage of one organism per 10 5 to 10 8 organisms is due to defects in the membrane or element. It is more likely that there are no defects in a element that achieves such high rejection.
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Particle counting as a surrogate for microbial disinfection
Turbidity and particles are commonly used as surrogates for monitoring microbial contaminants. These techniques provide an inexpensive and continuous method for monitoring treatment performance; were evaluated at East St. Louis. The UF system was fed particle counts of ,10 5 to 10 6 #/mL. This range of feed particle concentration is comparable to seed concentrations used for microbial challenge testing. UF particle log rejection ranged from 3.65-to 4.23-log. Corresponding UF microbial LRVs ranged from 5 to infinity (7.9 if one organism passage is assume) for all organisms. Cryptosporidium and Giardia are in the size range measured for particle counts, .2 mm. UF Cryptosporidium and Giardia LRVs werè 4.7, `4.8, and 2.4. In contrast, particle rejection was not complete for any observations. Over half of the challenge tests performed on the UF (9 of 15) resulted in complete pathogen rejection that includes organisms significantly smaller than 2 mm. These results show UF microbial rejection did not vary with organism size.
Paired particle count and microbial log rejection data is shown in Fig. 9 for all membranes. In this figure particle count log removals vary within a narrow range while microbial LRVs vary to a much greater extent. The apparent discrepancy between particle count and microbial rejection is significant given that many regard particles as an effective on-line device for monitoring integrity. This was evaluated directly by Miller and coworkers (1999) , who investigated particle and micro-organisms rejection by MF. They concluded that particle counting did not provide adequate sensitivity for detection of compromised filter fibers (Hong et al., 2001) . The lack of agreement between particles and microbials may be explained by contamination due to particle sloughing from the membrane. Nonetheless, use of particle counts as a surrogate for microbials is limited.
CONCLUSIONS
The results of this study confirm that CTF NF membrane processes are capable of providing excellent removal of microbes. This is particularly significant as several states do not give log credits to spiral wound membranes for rejection of regulated micro-organism. This regulatory policy severely limits utilization of membranes by utilities deprives the consuming public of the benefits of membrane technology. These results clearly show that membranes reject micro-organisms far greater than regulatory requirements.
Significant findings resulting from these investigations were:
1. The composite thin-film nanofilters tested (NF1 and NF3) proved highly successful for removal of microbial pathogens, and exhibited clearly superior perfor- mance to the cellulose acetate NF membrane (NF2). In general, the composite thin-film NF exhibited 4.5-to 5.5-log rejection for all organisms with over half of the challenges resulting in complete rejection. In contrast, rejection by the cellulose acetate CA was much lower, and microbes were detected in the NF2 permeate in almost all cases. 2. Although the composite thin-film NFs demonstrated excellent micro-organism rejection, micro-organism did pass the membranes, which shows membranes (and no process) should not be regarded as an absolute barrier to pathogens. 3. The microfiltration membrane was capable of much greater rejection of bacteria than viruses indicating variation by size. MF virus removal was 2.5 to 3.5 log (MS-2 and PRD-1, respectively), and 6.2 log for bacteria (Clostridium). 4. The cellulose acetate ultrafilter provided disinfection several orders of magnitude greater than the cellulose acetate NF suggesting disinfection by cellulose acetate membranes is a function of construction rather than membrane film. 5. NF and UF disinfection capability indicated consistent removal capability regardless of organism type or size.
